essential for positioning the primitive streak at one pole of the embryo and head morphogenesis through antagonism of the Wnt and Nodal signaling pathways. The transcription factor Otx2 is required for VE anteriorization and specification of rostral neuroectoderm at least in part by controlling the expression of Dkk1 and Lefty1. Here, we investigated the relevance of the Otx2 transcriptional control in these processes. Otx2 protein is encoded by different mRNAs variants, which, on the basis of their transcription start site, may be distinguished in distal and proximal. Distal isoforms are prevalently expressed in the epiblast and neuroectoderm, while proximal isoforms prevalently in the VE. Selective inactivation of Otx2 variants reveals that distal isoforms are not required for gastrulation, but essential for maintenance of forebrain and midbrain identities; conversely, proximal isoforms control VE anteriorization and, indirectly, primitive streak positioning through the activation of Dkk1 and Lefty1. Moreover, in these mutants the expression of proximal isoforms is not affected by the lack of distal mRNAs and vice versa. Taken together these findings indicate that proximal and distal isoforms, whose expression is independently regulated in the VE and epiblast-derived neuroectoderm, functionally cooperate to provide these tissues with the sufficient level of Otx2 necessary to promote a normal development.
Introduction
Before the onset of gastrulation, the mouse embryo is composed by two germ layers, the epiblast (Ep) and the visceral endoderm (VE) . A large body of evidence indicates that the VE in mouse and the hypoblast and endoblast in chick play a relevant role in embryonic axis formation, positioning of the primitive streak and initial specification of anterior neural structures (Beddington and Robertson, 1999; Stern, 2001 Stern, , 2004 Foley et al., 2000; Tam and Gad, 2004; Srinivas, 2006) . In mouse VE cells are established before gastrulation and, although it has for long time believed that they contribute exclusively to extraembryonic structures, very recently it has been shown that a relevant portion of them persists in the embryo proper and contributes to the gut (Kwon et al., 2008; Stern, 2008) . At the two germ layers stage the main embryonic axis is oriented proximo-distally and, just prior the primitive streak forms, the proximal-distal (Pr-D) axis is permanently converted in the anterior-posterior (A-P) axis. Axis conversion involves the anterior displacement of the distal VE (DVE) into the anterior VE (AVE) and the posterior positioning of primitive streak (Beddington and Robertson, 1999; Srinivas et al., 2004; Tam and Gad, 2004; Foley et al., 2000; Stern, 2001 Stern, , 2004 Rivera-Pé rez et al., 2003; Rodriguez et al., 2005) . Molecular and embryological evidence suggests that the VE plays a relevant role in this process by inhibiting Nodal and Wnt signaling through the production of antagonizing molecules such as Lefty1, Cer-l and Dkk1 (Bertocchini and Stern, 2002; Perea-Gomez et al., 2002; Kimura-Yoshida et al., 2005; Yamamoto et al., 2004; Glinka et al., 1998) . Besides this role in A-P axis conversion, embryological evidence suggests that the AVE is also required for specification of anterior neural structures (Tam and Steiner, 1999; Beddington and Robertson, 1999; Stern, 2001) . In this context several transcription and signaling molecules such as Otx2, Dkk1, Lim1, Foxa2 and Nodal are required in VE cells for proper development of rostral neuroectoderm (Rhinn et al., 1998; Acampora et al., 1998; Mukhopadhyay et al., 2001 ; Lewis et al., 2008; Dufort et al., 1998; Filosa et al., 1997; Shawlot et al., 1999; Varlet et al., 1997) . Otx2 null mutants exhibit headless phenotype and severe impairment of gastrulation (Acampora et al., 1995; Simeone, 2004; Matsuo et al., 1995; Ang et al., 1996) . In particular, Otx2 À/À embryos fail to convert the DVE into the AVE and to confine the primitive streak at the posterior pole of the embryo (Acampora et al., 1998; Rhinn et al., 1998; Kimura et al., 2000; Perea-Gomez et al., 2001) . Embryological and genetic studies showed that Otx2 may be required in the VE for its anterior displacement by activating the expression of Lefty1 and Dkk1 (Perea-Gomez et al., 2001; Kimura et al., 2000; Zakin et al., 2000) . Remarkably, Otx2-driven expression of Dkk1 in the VE and Ep of Otx2 null embryos is sufficient to rescue axis conversion by promoting AVE formation (Kimura-Yoshida et al., 2005) . In the neuroectoderm, from mid-late-headfold stage Otx2 is necessary to maintain forebrain and midbrain identity by antagonizing Gbx2 and positioning the midbrain-hindbrain boundary (MHB) (Acampora et al., 1998; Martinez-Barbera et al., 2001 ). Therefore, the complexity of Otx2 functions led us to investigate how the regulatory control of its expression is functionally involved in these processes and whether the different Otx2 functions are encoded by specific mRNA isoforms. Previous studies showed the existence of at least three different Otx2 mRNAs differing only in the 5 0 untranslated region (UTR) (Courtois et al., 2003; Fossat et al., 2005) . Here, we first extended these studies and then analyzed in vivo the functional requirement of the Otx2 mRNAs. Selective inactivation of the distal isoforms, expressed prevalently in the Ep, and proximal isoforms, encoding for most of the Otx2 protein in the VE, revealed that distal isoforms are not required for gastrulation and axis conversion, but are crucial for maintenance of forebrain and midbrain regional identities; conversely, proximal isoforms are important for axis conversion, but much less for maintenance of forebrain and midbrain territories. Furthermore, we also discovered within the VE a marked cell diversity in the Otx2 transcriptional control determining at single cell level the expression of proximal and/or distal variants, which suggests a high degree of complexity of this tissue.
Results

2.1.
Otx2 transcriptional organization and distribution of Otx2 mRNA isoforms Previous studies (Fossat et al., 2005; Courtois et al., 2003) have already shown that the Otx2 protein is encoded by at least three different mRNA isoforms. In order to extend these findings, we performed a detailed and exhaustive analysis of the Otx2 transcriptional organization. Four major Otx2 isoforms were identified. Three of them, named A, B and D corresponded to those previously reported and a fourth isoform, named C, represented a novel Otx2 mRNA ( Fig. 1A and B) . Isoforms A and B exhibited different 5 0 exon and a common splice site (SS) at À119 bp upstream of the Otx2 methionine (met) and were referred to as distal transcripts; isoforms C and D were colinear with the Otx2 genomic region upstream of the Otx2 met and were referred to as proximal transcripts ( Fig. 1A and B) . The transcription start site (TSS) for A, B and D mRNAs was determined at position À5015, À2599 and À208 from the Otx2 met ( Fig. 1A ) (Courtois et al., 2003) ; while for isoform C, we identified a major TSS at position À687 (Fig. 1A) . Then, we investigated the relative distribution and abundance of A-D variants at E6.5, E7.5 and E10.5. In this context since the D mRNA was included in the C isoform, a D specific primer could not be designed, and, therefore, the level of the D mRNA could only be indirectly deduced in RT-PCR experiments as the difference between C + D and C alone. At E6.5 the A and D isoforms were the most represented, while between E7.5 and E10.5, the most abundant mRNA was the isoform A ( Fig. 1C and D) . Then, the distribution of the A-D mRNAs was analyzed on dissected VE and Ep (Fig. 1E ). In the Ep the Otx2 mRNA was primarily contributed by isoform A, while in the VE by isoform D (Fig. 1E ). Ep contamination in the VE and vice versa was negligible as revealed by the expression of Oct4 and Cer-l (Fig. 1E ). These findings were supported by in situ hybridization experiments showing that at E6.5 isoform A was the most abundant in the Ep (Supplementary Fig. 1B ) and isoforms C + D the most expressed in the VE ( Supplementary Fig. 1E ). At E10.5 isoform A was the prevalent Otx2 transcript ( Supplementary Fig. 1G-K) . Next, we studied at E6.5 and E10.5 whether the Otx2 expression was also controlled at the translational level. According to the length of b-actin (350 amino acids) and Otx2 (289 amino acids) an efficiently translated mRNA should be respectively concentrated in the first two and in the second and third fractions ). We found that isoforms A and D were efficiently translated at both stages ( Fig. 1F and I) ; isoform B was distributed in the first five fractions, which was indicative of a reduced ability to form polyribosome complexes (Fig. 1G) ; and isoform C was efficiently translated at E6.5, but not at E10.5 (Fig. 1H ). This was also confirmed by RNAse protection experiments performed to contemporary detect the translational ability of C and D mRNAs (Fig. 1I ). Together these findings indicate that the Otx2 proximal and distal isoforms .5 and E10.5 whole embryos (C and D) and dissected E6.5 VE and Ep (E). (F-J) RT-PCR and RNAse protection assays on RNA fractions eluted from polyribosome gradients of E6.5 and E10.5 embryos show that all the Otx2 isoforms are efficiently translated at both stages with the exception of isoform C at E10.5. In (A) the first base of the Otx2 met codon is marked as +1; the first exon of the different Otx2 isoforms is indicated with A, B, C and D; the SS at À119 bp is highlighted by a big arrowhead and a vertical broken line; the primers employed to detect mature isoforms are shown below the Otx2 genomic region. In (B), the same primers are reported together with the probes used in RNAse protection experiments. In (C-E), the b-actin was used as quantitative marker, and Cer-l and Oct4 to assess the contamination of VE into Ep and vice versa. In (E) the RT-PCR assays were performed for all the Otx2 isoforms at 28 (left) and 31 (right) cycles of amplification. In (F-J), the ribosome affinity of the Otx2 isoforms and b-actin, which is an internal standard of polyribosomes integrity, is graphically represented. In (I), the probe used in RNAse protection experiments and the length of the C and D protected fragments are indicated.
undergo relevant quantitative changes between E6.5 and E10.5 and, respectively, exhibit VE and Ep tissue-specific expression. In addition, isoform C is regulated at the translational level in a stage-specific manner.
2.2.
Otx2 distal isoforms are required for maintenance of forebrain and midbrain identity
To investigate the relevance of the Otx2 regulatory control, we inactivated selectively proximal and distal Otx2 mRNA. First, we studied the contribution of distal isoforms by mutagenising in vivo the SS at position À119 ( Supplementary Figs.  2 and 3A) . Surprisingly, homozygous mutants (Otx2 DSS/DSS ) were healthy and fertile (Supplementary Fig. 3B and C). A detailed analysis, showed that in the absence of the major SS, two new cryptic acceptor SSs, respectively, À91 and À69 bp upstream of the met, were recruited for the processing of A and B mRNAs (Supplementary Fig. 3A and D). In Otx2
DSS/DSS
mutants, no abnormalities were detected in the amount and distribution of C and D mRNAs, Otx2 protein and expression of forebrain, midbrain and MHB markers ( Supplementary  Fig. 3D -V). Next, we mutagenised both canonical and cryptic SSs and generated a second mouse mutant (Otx2 +/D3SS ) (Supplementary Fig. 2 and Fig. 2A ). Homozygous Otx2
D3SS/D3SS
embryos exhibited severe head abnormalities. In particular about 60% of them (n = 18 out of 30) showed exencephaly and additional defects (Fig. 2C) , and the residual 40% a headless phenotype (Fig. 2D) with VE markers such as Lim1 and Foxa2 showed that these markers were normally expressed also in the VE cells lacking Otx2 (arrows in Fig. 3I 0 and J 0 ). In addition, the expression of Brachyury (T) and Cer-l, respectively, in early primitive streak and VE cells was unaffected . Similarly, at E7.5 in Otx2 D3SS/GFP mutants the expression of Chd, T, Foxa2, Lim1,
Cer-l and Gbx2 did not reveal abnormalities in primitive streak progression and AME formation ( Fig. 3M -Q 0 ) and, only Six3, which represented one of the earliest forebrain markers, was transcribed but at a reduced level ( Fig. 3R and R 0 ). Therefore, these findings suggest that the distal isoforms are primarily required from late gastrula to early somite stage onwards for maintenance and proper regionalization of the anterior neuroectoderm, while are apparently dispensable for AVE formation and gastrulation.
The role of Otx2 proximal isoforms
Next, we studied the role of C and D isoforms, the first equally distributed in Ep and VE, and the second highly expressed in the VE. To this aim a mouse model carrying a deletion of about 700 bp which included the TSS3 and TSS4 was generated ( Fig. 4A and Supplementary Fig. 2 ). In this mutant proximal isoforms were abolished ( Fig. 4A and I) . Surprisingly, about 15% of the expected Otx2 DCD/DCD homozygous mutants were viable and fertile. However, morphological inspection of E9.5 Otx2 DCD/DCD embryos showed that 20% of them (n = 5 out of 25) were apparently normal, about 50% (n = 11 out of 25) exhibited forebrain abnormalities (Fig. 4C ), and 30% (n = 8 out of 25) severe head and body defects ( Fig. 4D) .
Conversely, about 70% of the Otx2 DCD/GFP mutants (n = 22 out of 31) were heavily abnormal and reminiscent of the phenotype of Otx2 null embryos ( Fig. 4F-H ), and 30% of them (n = 9 out of 31) showed relatively less severe defects equally affecting body and head (Fig. 4E ). Compared to E6.5 and E7.5 control embryos, in Otx2 DCD/DCD mutants the relative abundance, distribution in VE and Ep and translational efficiency of distal isoforms were unaltered ( Fig. 4I and J; data not shown).
Western blot analysis revealed about 35% less Otx2 protein in mutants at E7.5 (Fig. 4K) . Marker analysis showed that, in contrast with Otx2 null embryos ( Fig. 5P-T embryos showed that in contrast with the Ep, only few VE cells retained the Otx2 protein ( Fig. 6B and C 0 ). Importantly, at E6.5 most of the Otx2 DCD/DCD embryos (n = 6 out of 9) showed normal VE anteriorization ( Fig. 6B and B 0 ), while, the large majority of Otx2 DCD/GFP mutants (n = 11 out of 13) exhibited failed or partial anteriorization of the DVE and proximal condensation of early primitive streak cells, two typical abnormalities of Otx2 null embryos ( Fig. 6C-E) . This was further supported by the similarity in the expression of T, Foxa2, Lim1 and Cer-l in primitive streak and VE cells of E6.5 Otx2 DCD/GFP and Otx2 null embryos ( Fig. 6J-P) . Next we investigated whether proximal isoforms may control the expression of Dkk1 and Lefty1, whose activation has been shown to depend on Otx2 (Zakin et al., 2000; Perea-Gomez et al., 2001; Kimura-Yoshida et al., 2005) . In Otx2 null embryos Dkk1 was not expressed and Lefty1 detected at low level only in two out of seven mutants ( Fig. 7B and G; data not shown). In Otx2 DCD/DCD embryos, Dkk1 expression was reduced only in those embryos showing partial anteriorization and thickening of the VE (n = 3 out of 13) (Fig. 7C) , while in Otx2 DCD/GFP mutants it was absent (n = 7 out of 12) or barely detected (n = 5 out of 12) ( Fig. 7D and E) . As for Lefty1, all the Otx2 DCD/DCD embryos exhibited VE expression, which however, revealed spotted disorganization in some of them (n = 4 out of 11) ( Fig. 7H ; data not shown); in contrast, about 50% of the Otx2 DCD/GFP mutants (n = 6 out of 11) silenced the expression of Lefty1 and the rest showed a relevant decrease (Fig. 7I and J). These data indicate that proximal isoforms are required to modulate the expression of Dkk1 and Lefty1, whose expression level, mainly for Dkk1, strikingly correlates with failed or partial anteriorization of the VE. In this context distal isoforms may only partially compensate for the lack of proximal mRNAs and this compensation should depend on their Fig. 7O and Supplementary Fig. 5D) . Surprisingly, in E7.5 Otx2 DCD/GFP and Otx2 GFP/GFP embryos, presumptive VE cells expressed high level of Chordin (Chd) (Fig. 7S and X and Supplementary Fig. 5G, K and O) . To analyze in detail this finding we took advantage from the original Otx2 null mutant (Acampora et al., 1995) . Indeed, in this mutant the genomic region between the TSS4 and the homeobox was replaced by the lacZ gene, which, consequently, resulted under the transcriptional control driving the expression of proximal isoforms and, thereby, prevalently expressed in the VE (Acampora et al., 1995 and see also Fig. 9 ). At E7.5 Otx2 +/lacZ normal embryos as well as Otx2 DCD/lacZ and Otx2 lacZ/lacZ mutants, which did not generate the AME, exhibited numerous bGal + -T À presumptive VE cells ( Supplementary Fig. 6A and C). Analysis at single cell level showed that most of these bGal + cells
were Chd + ( Supplementary Fig. 6D -F) thus suggesting that in normal embryos VE cells may acquire definitive endoderm features (Kwon et al., 2008) . Finally, analysis of Six3 and Gbx2 showed that, contrary to Otx2 null embryos, which exhibited ubiquitous expression of Gbx2 along the Sox2 + neuroectoderm and lack of Six3 (Acampora et al., 1998) , in Otx2 DCD/ GFP embryos Gbx2 was excluded from the anterior territory where Six3 was activated ( Supplementary Fig. 7A-F) . These findings suggest that proximal isoforms might be required to promote VE anteriorization, likely through proper activation of Dkk1 and Lefty1, while, are partially dispensable for the maintenance of forebrain and midbrain identities. Moreover, these data also suggest that the Otx2 protein encoded by distal transcripts in VE cells may determine a minimal threshold requirement that is sufficient in several Otx2
DCD/ DCD mutants to drive a pretty normal gastrulation.
Isoforms cooperate for normal gastrulation and head morphogenesis
Findings above reported indicate that proximal and distal isoforms, whose expression is independently controlled, are, respectively, required for AVE formation and maintenance of rostral neuroectoderm even tough they exhibit a certain degree of dosage-dependent functional overlap. This suggests that the functions autonomously encoded by Otx2 isoforms should cooperate in order to promote a normal development. To support this conclusion, we generated Otx2 D3SS/DCD mutants and found that these embryos exhibited normal development (n = 9 out of 9) ( Fig. 8A and B ; data not shown).
2.5.
Otx2 isoform-specific expression suggests cell diversity in the VE Previous findings indicated that Otx2 proximal transcripts were expressed in the majority of VE cells while distal transcripts only in a few of them. This suggests the existence of a cell-specific control of Otx2 expression within the VE. To analyze more in detail this aspect, we first analyzed bGal and Otx2 distribution in E6.5 Otx2 +/lacZ embryos (Acampora et al., 1995) . All the heterozygous embryos (n = 18) exhibited bGal staining in most, but never in all the Otx2 + VE cells (arrows in Fig. 9A-C) . In addition, sporadic Otx2 À -bGal + VE cells were also observed in all of them (arrowhead in Fig. 9C ). This suggests that the Otx2 + -bGal À cells should correspond to those expressing only distal isoforms, while those Otx2
should express only proximal isoforms of the null allele. As expected, in Otx2 D3SS/lacZ embryos (n = 14) the majority of VE cells were Otx2 + -bGal + (Fig. 9D-F (Fig. 9G-L) . However also in Otx2 DCD/lacZ embryos a few VE cells were Otx2 Fig. 9I and L) or Otx2 Fig. 9I and L), or Otx2 Fig. 9I and L), which should correspond, respectively, to VE cells expressing proximal isoforms from the Otx2 DCD allele, or distal isoforms from the same allele or both distal and proximal isoforms. This expression code was retained in all the embryos analyzed for each genotype (Fig. 9) . In particular for Otx2 DCD/lacZ mutant, the Otx2 and bGal expression profile was maintained very similar in embryos with partial failure and in those with complete failure of VE anteriorization (Fig. 9G-L support the expression analysis and indicate that Otx2 proximal isoforms are expressed in the large majority of VE cells. Noteworthy, the distribution of VE cells expressing proximal and/or distal isoforms appeared rather stochastic. In sum, these findings indicate that the mechanism controlling the expression of proximal and distal Otx2 isoforms in the VE is tightly regulated in a cell-specific manner, which might potentially impart precise functional properties to different subsets of VE cells.
Discussion
In this study, we have investigated by in vivo mutagenesis the functional contribution of the Otx2 mRNA isoforms in gastrulation and early steps of head development. The information encoded by Otx2 in these events is specified by distal and proximal isoforms, which, are prevalently expressed in the Ep (distal isoforms) and VE (proximal isoforms). Selective inactivation of these isoforms indicates that distal mRNAs are primarily required for maintenance of the rostral neuroectoderm identity, and proximal mRNAs for DVE conversion into AVE. Thus, Otx2 isoforms integrate their tissue-specific competence to ensure normal gastrulation and head morphogenesis. Furthermore, we also discovered that in the VE the expression of Otx2 is regulated at single cell level suggesting that through this mechanism, Otx2 might generate functional diversity in VE cells.
3.1.
The expression pattern of Otx2 isoforms suggests tissue and temporal isoform-specific requirement Previous studies already described the existence of three different Otx2 mRNAs differentially expressed during development of neural and sense organ tissues (Fossat et al., 2005; Courtois et al., 2003) ; and a VE-cis element located upstream of the TSSs of proximal isoforms which is able to drive Otx2 expression prevalently in the VE (Kimura et al., 2000) . Here, we have identified a fourth mRNA, named C, and defined in detail the expression of Otx2 mRNAs mainly during gastrulation. This analysis shows that (i) at early gastrula, the proximal isoform D is prevalently expressed in the VE while distal isoforms A and B in the Ep; (ii) isoform C, whose TSS is close to the Otx2 VE-cis element, escapes this VE-restricted expression and, interestingly, is silenced at the translational level from the end of gastrulation onwards; and (iii) in the neuroectoderm the Otx2 protein is primarily contributed by distal isoforms. These findings indicate that the regulatory control of Otx2 expression may account for a differential competence of proximal and distal isoforms in the specification of Otx2-dependent functions, respectively, in VE and neuroectoderm.
Distal and proximal isoforms cooperate for gastrulation and head morphogenesis
The analysis of Otx2 null embryos has revealed that Otx2 is required at the beginning of gastrulation for AVE formation and proper positioning of the primitive streak. In addition, Otx2 null embryos also fail to generate AME as well as forebrain, midbrain and rostral hindbrain (Acampora et al., 1995 (Acampora et al., , 1998 Matsuo et al., 1995; Ang et al., 1996; Perea-Gomez et al., 2001; Kimura et al., 2000; Kimura-Yoshida et al., 2005) . Embryos restoring the lack of Otx2 with Otx2 itself or Otx1 or otd as well as chimeras composed by wt VE and Otx2 null Ep rescued gastrulation defects but not maintenance of forebrain and midbrain, thus suggesting a dual requirement of Otx2 for VE-and Ep-dependent functions (Acampora et al., 1998 (Acampora et al., , 2003 Rhinn et al., 1998) . Elegant studies have also shown that the VE of Otx2 À/À embryos is impaired in its anterior movement (Kimura et al., 2000; Perea-Gomez et al., 2001) and that Dkk1, a Wnt antagonist whose expression is lost in Otx2 À/À embryos (Perea-Gomez et al., 2001; Zakin et al., 2000) , is sufficient to rescue VE anteriorization when expressed in the VE and Ep of Otx2 null embryos, thus suggesting that Dkk1 may act as a polarized guidance factor during VE anteriorization (Kimura-Yoshida et al., 2005) . In this context, although Dkk1 À/À embryos exhibit normal expression of AVE markers and chimeric embryos with Dkk1 null VE develop normally (Mukhopadhyay et al., 2001 ), a certain degree of impaired spreading of definitive endoderm cells in migrating towards the anterior region of the embryo has recently been reported in Dkk1 À/À mutants (Lewis et al., 2008) . In the same study, however, the major role for Dkk1 is to antagonize and modulate Wnt3 activity in order to direct proper forebrain morphogenesis (Lewis et al., 2008) . Besides Dkk1, the expression of other relevant signaling molecules may be affected by the loss of Otx2 such as the Nodal antagonist Lefty1 (Perea- Gomez et al., 2001; Kimura et al., 2000) . In this regard, direct evidence in mouse and chick embryos indicates that Nodal antagonism from the AVE and hypoblast is required for proper positioning of the primitive streak (Perea-Gomez et al., 2002; Bertocchini and Stern, 2002) . Taken together, previous studies suggest that Otx2 by regulating the expression of Dkk1 and Lefty1 may contribute to AVE formation, primitive streak positioning and forebrain development. In addition, Otx2 is also required in the early rostral neuroectoderm for maintenance of forebrain and midbrain by positioning the MHB through antagonism with Gbx2 . Thus, the complexity of Otx2 functions in head morphogenesis and gastrulation prompted us to investigate the functional contribution of the different Otx2 mRNAs to these processes. Lack of distal isoforms, prevalently expressed in the Ep and rostral neuroectoderm, heavily affects head morphogenesis but apparently does not impair AVE formation, primitive streak positioning and early induction of the forebrain marker Six3. However, the fact that some of the Otx2 D3SS/D3SS embryos retain the expression of rostral brain markers, suggests that the Otx2 protein encoded by the proximal isoforms in the neuroectoderm may partially compensate for the lack of distal mRNAs. Therefore, these data suggest that distal isoforms are apparently not required during gastrulation while from late gastrula to early somite stage play a crucial role for maintenance of the rostral identity of the CNS primordium. In this context, proximal isoforms may contribute to this process by reinforcing the maintenance ability of distal isoforms. Surprisingly, lack of proximal isoforms does not severely affect the majority of the Otx2 DCD/DCD mutants. However, about 30% of them and the large majority of Otx2 DCD/GFP embryos exhibit a strong phenotype resembling that of Otx2 null embryos. A possible explanation of this variability may reside in the Otx2 ability to promote the expression of Dkk1 and Lefty1. Indeed, loss or reduction in Dkk1 and Lefty1 expression strikingly correlate with failed or partial anteriorization of the VE which, in turn, depend on the Otx2 protein level encoded by distal isoforms in Otx2 DCD/GFP and Otx2 DCD/DCD embryos. Thus, the fraction of Otx2 DCD/DCD embryos succeeding in this crucial step (VE anteriorization) has a normal gastrulation and may proceed towards a pretty normal embryonic development and eventually survive. Together with the analysis of Otx2 D3SS mutants, these data suggest that proximal isoforms are necessary to control AVE formation by proper activation of Dkk1 and Lefty1. Nevertheless, as for proximal isoforms in Otx2
mutants, also in several Otx2 DCD/DCD mutants, distal isoforms may partially compensate the lack of proximal mRNAs for VE anteriorization. A further aspect is represented by the fact that even the Otx2 DCD/GFP mutants with the most severe phenotype retain the expression of forebrain and midbrain markers. While this finding confirms that distal isoforms are primarily required to maintain rostral CNS identity, it provides evidence that embryos retaining a robust level of Otx2 in the rostral neuroectoderm may establish forebrain and midbrain identity even though the AVE formation is impaired. In this context the severe forebrain reduction of Otx2 DCD/GFP embryos may be likely determined by loss or reduction in Dkk1 expression and failed generation of the AME (Lewis et al., 2008) . Molecular analysis in Otx2 D3SS/D3SS mutants shows that lack of distal isoforms does not interfere with the expression profile, mRNA amount and translation efficiency of proximal isoforms and a similar conclusion can be deduced for distal isoforms in embryos lacking proximal mRNAs. This suggests that the expression of proximal and distal isoforms is independently regulated from each others. This finding together with the normal phenotype of Otx2 DCD/D3SS embryos support the conclusion that the cooperative integration of the Otx2 functions encoded by proximal and distal isoforms is required for normal gastrulation and head morphogenesis.
VE cells express the definitive endoderm marker Chd at mid-late gastrula stage
Recent studies have shown that in chick the lower layer of gastrulating embryos is derived from the hypoblast and Ep (Kimura et al., 2006) , and similarly in mouse, VE cells, generated by lineage restriction in the blastocyst, become dispersed at the mid-late streak stage on the embryonic surface and appear intercalated with Ep-derived cells (Kwon et al., 2008) . By using a mouse mutant expressing lacZ under the transcriptional control driving the expression of proximal isoforms, we have followed the fate of VE cells and discovered that bGal + presumptive VE cells activate at E7.5 robust expression of the definitive endoderm marker Chd and are confined in Otx2 +/lacZ normal embryos to the region close to the embryonic-extraembryonic border, suggesting that VE cells may acquire definitive endoderm features. Moreover, since Chd expression is equally detected in bGal + VE cells of Otx2 null and Otx2 DCD/lacZ embryos, which do not generate an elongated AME, its activation in normal embryos should depend on the developmental stage (timing) rather than on the cellular environment (AME-VE cell to cell interactions).
3.4.
The regulatory control of Otx2 expression provides evidence for cell diversity in the VE An intriguing finding of this study is that proximal and distal isoforms are differentially expressed in VE cells. Indeed, the majority of VE cells express only proximal isoforms and a fraction of them both proximal and distal or only distal isoforms. Moreover, our analysis does not exclude the possibility that in some VE cells the Otx2 regulatory control might be even more intricate by involving the allelic silencing of proximal and/or distal isoforms. This heterogeneity in expression of Otx2 mRNAs is already evident in the VE of pre-gastrula (data not shown) and early gastrula mutant embryos. Thus, these data lead us to hypothesize that this control might impart a cell-specific molecular identity to subsets of VE cells by modulating the expression of downstream genes sensitive to quantitative variations of Otx2 protein. Dkk1 and Lefty1 might be two examples since their expression is lost in Otx2 null embryos and gradually recovered in Otx2 DCD/GFP and Otx2 DCD/DCD mutants. Similarly, the expression of molecules involved in cell adhesion and motility might be differentially regulated by the Otx2 level in VE cells (Perea-Gomez et al., 2001; Morgan et al., 1999) . A potentially appealing but less convincing explanation of the heterogenous expression of Otx2 in VE is based on studies above mentioned (Kimura et al., 2006; Kwon et al., 2008) . In this context, the finding that within the VE layer, some cells selectively express distal Otx2 isoforms, which are prevalently transcribed in the Ep, opens the possibility that this restricted cell population might correspond to Ep-derived cells which retain the expression of Otx2 distal isoforms. Against this possibility, the cells transcribing distal isoforms besides to be positive for the VE markers Lim1 and Foxa2, are already detected in pre-gastrula and early gastrula embryos when VE and Ep cells
are not yet intercalated (Kwon et al., 2008) . Thus, taken together our data suggest that at early gastrula, the VE exhibits cell-specific molecular diversity in the transcriptional control of Otx2, and we hypothesize that this control may potentially confer or modulate specific functional features of different subsets of VE cells.
4.
Experimental procedures
Targeting vectors and generation of mutant strains
The following Otx2 mutant alleles were generated: -Otx2 DSS : the region corresponding to the SmaI/XbaI (6.9 kb) and the adjacent XbaI/KpnI (1.05 kb) DNA fragments were chosen as arms for the homologous recombination (Supplementary Fig. 2A ). The targeting molecule was generated by means of nested intermediates of cloning, whose first step was a PCR aimed at mutagenising the SS at position À119 upstream of the Otx2 met (Supplementary Figs. 2A  and 3A) . The primers used for this mutagenesis were shown (Supplementary Table 1 ). Homologous recombination events in E14tg4a2 ES cells were detected by PCR and ascertained by Southern blot ( Supplementary Fig. 2B ) with external and internal probes (gray boxes in Supplementary Fig. 2A ).
-Otx2 D3SS : the targeting molecule was generated by direct replacement of a SmaI/NdeI 340 bp long fragment of the Otx2 DSS targeting molecule with a PCR product carrying the mutagenesis of the three SSs ( Fig. 2A and Supplementary Fig. 2A ). The primers used for this mutagenesis were shown (Supplementary Fig. 2A and B) . Arms of homology and PCR primers to identify homologous recombinant ES cell clones were as previously described (Acampora et al., 2003) . Primers for genotyping and size of the PCR products were shown (Supplementary Table 2 ). All the mutant strains were crossed to a transgenic line constitutively expressing the Cre recombinase to remove the pGN-Neo cassette in the mutated alleles ( Supplementary Fig. 2 ).
Mouse genotyping
The genotype of adult mice and embryos was always assessed by allele-specific PCRs. The sequence of the primers and their position in the loci were reported (Supplementary  Table 2 and Fig. 2A ).
-Otx2
DSS
: the forward primer carried at its 3 0 terminus the SS mutagenized sequence which allow specific annealing only to the mutated allele while the reverse primer was the same for the wt and Otx2 DSS alleles (Supplementary   Table 2 ). Moreover the length of the Otx2 DSS PCR product differed from the wt for the presence of the recombined loxP site (Supplementary Fig. 2A ).
-Otx2 D3SS : the forward primer was, as for the previous mutant, designed across the mutagenized sequence and was specific for the mutated allele which also contained the loxP site within the PCR product ( Supplementary  Fig. 2A ).
-Otx2 DCD : the primers for the mutated allele flanked the deleted region; for the wt allele the forward primer was included in the region deleted while the reverse primer was the same as for the Otx2 DCD allele (Supplementary Fig. 2A ).
-Otx2 GFP : the primers for the mutated allele were located aside the junction between the Otx2 and GFP sequence; in the wt allele the primers flanked the exon containing the 5 0 region of the homeodomain (Supplementary Fig. 2A ).
-Position and sequence of primers, size of PCR products and examples of genotyping were shown (Supplementary  Table 2 and Fig. 2A and C) .
VE and Ep dissection, RNA analysis and polyribosome gradients
Wild-type and mutant embryos at the embryonic day 6.5 (E6.5) were dissected and eventually genotyped by the extraembryonic tissue. VE and Ep were separated by short incubation in trypsin/pancreatin solution (Nagy et al., 2003) . VE or Ep total RNA was extracted from pool of three embryos. Contamination of the two layers was assessed by monitoring the expression of Cer-l and Oct4. The data shown in this study were representative of the analysis of at least three independent assays for each genotype. The primers used for the RT-PCR experiments were shown (Supplementary Table 3) . RT-PCR assays were performed in non-saturating conditions. RT-PCR cycles and further details are available upon request. Polyribosome gradients were performed as previously described (Pilo Boyl et al., 2001) . For polyribosome gradients assayed by RNAse protection between 150 and 200 E6.5 embryos or five E10.5 heads were collected.
Probes for RNAse protection and in situ hybridization experiments
RNAse protection and in situ hybridization experiments were carried out as described Simeone, 1999) . For the wt Otx2 isoforms, the RNAse protection probes corresponded to PCR fragments of 157 bp for isoform A, 128 bp for isoform B, 99 bp for isoforms C and D and 61 bp for the b-actin (Fig. 1B and I ). For the Otx2 DSS/DSS and Otx2 D3SS/D3SS mutants the probe for isoforms C and D was the same employed for the wt since it is located upstream of the mutagenised splice sites ( Fig. 2G and Supplementary Fig.  3E ). The in situ hybridization probes for isoforms A, B and C + D corresponded to those employed for RNAse protection assays, the probe specific for isoform C was a 175 bp long fragment ( Supplementary Fig. 1A ), and the probe detecting A + B + C + D isoforms was a 142 bp long fragment included in exon 2. The in situ hybridization probes for Cer-l, Gbx2, Six3, Fgf8, Pax6, Dmbx and Foxg1 have previously been described Martinez-Barbera et al., 2001) , the probes for Dkk1 is a PCR fragment spanning the coding sequence and for Lefty1 a PCR fragment corresponding to the 3 0 UTR (Meno et al., 1997) .
RACE-PCR experiments
Race experiments were performed using the Marathon cDNA amplification kit (Clontech) and following the manufacturer's instructions. The Otx2 primers mostly used in this study were the following: first primer 5 0 -GGTCTTGGCAAACAGAGCT TCCAG-3 0 (homeobox exon), nested primers 5 0 -AGACATCATGC TAAGGTTGTTTGG3-0 (overlapping the met) or 5 0 -ACTGCTTCG GAGGGAGCAGCTTCC3-0 (upstream of the major SS). PCR products were cloned and sequenced.
Probes to identify TSSs of Otx2 isoforms
Probes to identify the TSSs were PCR fragments between À5105 and À4919 bp upstream of the met for TSS1; between À2656 and À2469 bp for TSS2; between À719 and À517 bp for TSS3; and between À224 and À125 for TSS4.
Immunohistochemistry and Western blot
Immunohistochemistry experiments were performed as previously described (Acampora et al., 1998) with rabbit Otx2 (Mallamaci et al., 1996) , goat Otx2 (R&D Systems), goat Chd (R&D Systems), rabbit Lim1 (Chemicon), rabbit bGal (Nordic Immunology), rabbit GFP (MBL), goat Foxa2 (Santa Cruz Biotechnology) and goat T (Santa Cruz Biotechnology). For Western blot analysis, crude extracts of E7.5 whole embryos (n = 5) or E10.5 heads (n = 3) were assayed as described . Films were processed for densitometric scanning.
4.8.
Cell counting experiments E6.5 embryos (n = 5 for each genotype) were sectioned and immunostained with Lim1 and Otx2 or bGal and Otx2 antibodies. Four sections (one every two sequential sections) were selected and VE cells expressing Lim1 and Otx2 or bGal and Otx2 were counted (Table 1) .
